Abstract. Future fusion reactors, foreseen in the "European road map" such as DEMO, will operate under more demanding conditions compared to present devices. They will require high divertor and core radiation by impurity seeding to reduce heat loads on divertor target plates. In addition, DEMO will have to work at high core densities to reach adequate fusion performance. The performance of fusion reactors depends on three essential parameters: temperature, density and energy confinement time. The latter characterizes the loss rate due to both radiation and transport processes. The DEMO foreseen scenarios described above were not investigated so far, but are now addressed at the ASDEX Upgrade tokamak. In this work we present the transport analysis of such scenarios. Plasma with high radiation by impurity seeding: transport analysis taking into account the radiation distribution shows no change in transport during impurity seeding. The observed confinement improvement is an effect of higher pedestal temperatures which extend to the core via stiffness. A non coronal radiation model was developed and compared to the bolometric measurements in order to provide a reliable radiation profile for transport calculations. High density plasmas with pellets: the analysis of kinetic profiles reveals a transient phase at the start of the pellet fuelling due to a slower density build up compared to the temperature decrease. The low particle diffusion can explain the confinement behaviour.
Introduction
The designs of future fusion reactors like ITER and DEMO are based on present tokamaks with a poloidal divertor. The control of particle and power exhaust is, to a large extent, concentrated in the divertor region. To limit the power load on the machine components to a tolerable level, a fraction of this power should be radiated in the divertor volume. This can be achieved by introducing a controlled small amount of appropriate impurities into the plasma. This technique is named impurities seeding and will be mandatory in future devices. It is sometimes already required in present machines and is extensively investigated in view of future reactors. Thereby nitrogen is an adequate impurity for edge and divertor radiation. The high confinement mode (H-mode) [1] , which is the mostly used plasma regime in present divertor tokamaks, is also envisaged for future reactors. In H-mode, the formation of an edge transport barrier provides high temperatures and densities leading to the so- Edge Localized Modes (ELMs) occur [2] . Each ELM expels a significant amount of particles and energy from the pedestal during its short (≈1 ms) "crash". The pedestal is then re-established on a longer time scale. The work presented here has been carried out in ASDEX Upgrade (AUG), a medium size tokamak with full metallic wall. In fact since 2007 all plasma facing components are tungsten-coated [3] . Divertor cooling by nitrogen seeding has been extensively investigated, see e.g. [4] . Thereby a confinement increase due to the presence of nitrogen has been discovered [5, 6] . The analysis of the radiative power and the transport properties of H-modes under such conditions is presented in the next two sections. Future reactors will also operate at very high density to maximize the fusion power. Such scenarios have been investigated in AUG [7] and the transport results are discussed in Sect. 3.
Radiation in fusion plasmas
The radial radiation distribution of the electromagnetic radiated power is an essential component of the power balance in tokamaks. It will be even more important in fusion reactors where a non-negligible fraction of the energy will have to be dissipated through radiation. The main contributors to the plasma radiation due to the ions are bremsstrahlung, line and recombination radiation. The electron cyclotron emission can be neglected in the total power losses in present devices, but will contribute in reactors [8] . The presence of impurities in the plasma has a significant impact on fusion performance through dilution of the man ions and radiation losses. The sources of impurities in a tokamak are the plasma-wall interaction processes and the deliberate injection for diagnostic purpose or for radiative cooling. In this section we focus on radiation and discuss measurements and modelling.
Radiation measurements by bolometry
At ASDEX Upgrade the radiation is measured by several foil bolometer cameras mounted at different locations in the vessel as shown in Fig. 1a . The bolometers measure the radiative power emitted along 112 lines of sight. Details on bolometric tomography are reported in reference [9] . Figure 1b shows the 2D radiation distribution before the nitrogen seeding. Here a rather weak radiation is detected in the divertor region and no strong radiation in the main plasma. Figure 1c shows the 2D radiation distribution of the same discharge during nitrogen seeding. Nitrogen is an efficient divertor and edge radiator (see Sect. 2.2), therefore an increased radiation in the scrape of layer and a very strong localised radiation in the divertor are found. The radiative ring visible in the core region is an artefact of the tomography which is attributed to the limited spatial resolution of the bolometry system and to the divertor radiation.
Theoretical background and modelling: Coronal and non-coronal equilibrium
The impurities enter the plasma as neutrals and are ionized depending on the plasma temperature. They penetrate up to the plasma center or leave the plasma depending on the transport properties. The main contribution to radiation comes from non-fully stripped ions during the ionization processes. For low Z impurities such as nitrogen or carbon, ionization takes place at the plasma edge, while for higher Z impurities, such as tungsten, it occurs over the whole cross-section. When the transport processes are slow enough, the ionisation stages of the impurities are in equilibrium corresponding to the plasma temperature. This situation is denoted coronal equilibrium and occurs in the plasma core. Corrections must be made if transport plays a role and this equilibrium is not reached as happens for instance in the plasma edge.
The radiative power for a given impurity is calculated using atomic data and a collisional radiative model. This model solves the time-dependent ionization equations as the sum of bremsstrahlung, line radiation, recombination and ionization contributions [10] . Hereby the so-called cooling factors L z (T e ) [11] , yielded by the Atomic Data and Structure Analysis (ADAS) database [12] are used. As illustrated in Fig. 2 , assuming coronal equilibrium, the low-Z impurities, such as N and C, radiate at low temperature and are therefore suitable elements for edge and divertor radiation. Impurities with higher Z number like Ar and Kr radiate significantly up to high temperatures and can therefore be used as main plasma radiators. Tungsten radiates strongly up to about 10 keV [13] . The local radiation power density is given by the product L z · n 2 e · c z where n e is the electron density and c z the impurity concentration. At the plasma edge, in particular where ELMs regularly expel particles, transport effects play a key role and the coronal equilibrium assumption is not valid. The determination of the radiated power density must then take into account the impurity residence time, , as well as the time evolution of the 01007-p. 3 EPJ Web of Conferences a) b) Figure 3 . Prediction of the radiated power density: a) coronal conditions, b) non coronal conditions. Shown are the calculated radiated powers from carbon (orange), from oxygen (magenta), from nitrogen (black) and from tungsten (blue). The sum of the radiated powers, P rad_tot , is shown in red. The comparison shows that if the non coronal effects are neglected, the radiated power at the edge is significantly underestimated.
plasma parameters and impurity influx. Non-coronal conditions mostly lead to an enhancement of the radiated power during the ionization to the equilibrium charge state. In this phase radiation increases for decreasing values of . The coronal equilibrium corresponds to large value of [14] . For the noncoronal radiation calculations one assumes that impurities enter in the plasma as neutrals [10] and emit line radiation during the early ionisation phase. The enhanced radiation due to the non-coronal effects is usually described using the parameter n e · , such that L z depends on both T e and n e · . Their values are provided by the ADAS database. In the calculation of the radial profiles of L z for each impurity, T e and n e are taken from the experimental profiles whereas has to be determined as follows. In the pedestal the ELMs flush out impurities and cause a reorganization of the profiles at every crash. The residence time cannot exceed the inverse of the ELM frequency 1/f ELM . Furthermore, an appropriate function for must depend on the radius and satisfy two conditions: in the core must be long to reflect the coronal equilibrium (n e · = 10 22 m −3 ms) and then decrease to a small value, ped , in the edge region. The hyperbolic tangent fulfils these constraints and a good agreement with the experimental radiative power is provided using the following formula:
In the formula the factor 100 is required to reach coronal values in the core, k characterizes the slope of the tangent hyperbolic and crit reflects the radial extension of the ELMs depletion on the profiles, while ped = 1/f ELM was assumed. It should be pointed out that this later assumption takes into account not only the residence time of the impurities but also the recovery of the pedestal profiles after the crash, as well as the possible impurity influx during this phase. The different contributions are currently under investigation.
Once is defined, the n e · grid is built and the non-coronal P rad is calculated as P rad = L z (T e , n · ) · n 2 e · c z . In the calculations n e is taken from experimental profiles and c z is given by the measured impurity concentration profile from the CXRS diagnostic [15] . Figure 3 shows the comparison of the P rad calculations assuming coronal equilibrium over the whole radius in panel (a) and non-coronal condition describe by the model in panel (b). The core radiation is dominated by tungsten while the 01007-p.4 rd European Energy Conference Figure 4 . The black dots represent the radiation profile from bolometric measurements. In magenta the calculated P rad using coronal approximation, in blue the calculated P rad using the non coronal model are shown.
edge is dominated by the low-Z impurities (C, O, N). The non-coronal effects affect mainly the low-Z impurities at the edge where the radiation is strongly enhanced. Clearly, under the coronal assumption the radiation power is significantly underestimated. For a correct calculation of the radiated power it is crucial to take into account also the non-coronal effects.
The model is assessed by a comparison with the bolometric measurements as shown in Fig. 4 . The mismatch between the calculated and the measured radiation in the core ( tor < 2) is attributed to the limited spatial resolution of the bolometry. Only a few lines of sight contribute to the determination of the core radiation profile. Moreover, some of them are also looking at the divertor region where high radiation with steep gradients exist. Hence, the core contribution is affected by large uncertainties. In the outer part of the plasma ( tor > 0.6) the experimental reconstruction of the radiation profile is well determined and in good agreement with the calculated radiated power using the non-coronal model. However, in the edge region ( tor > 0.9) the results are not reliable due to the experimental uncertainties in the discharges presented here. The radiated power obtained with the non-coronal model is then used in the transport calculations presented in the next section.
Transport analysis of radiative cooling experiments
A well established technique to reduce heat loads on divertor target plates is to insert low and medium Z impurities in the plasma to convert the heat flux into radiation and reduced the heat load to the divertor [14] . Nitrogen is a low Z impurity with the properties discussed in the Sect. 2 and it turned out to be indeed a very good candidate for edge and divertor radiation in AUG. An example of radiative cooling experiment by nitrogen radiation in an H-mode with about 14 MW of heating power is shown in Fig. 5 . Figure 5 shows that nitrogen is injected at 2.5 s while the heating power is kept constant since 2.1 s. As expected, the radiative power increases with nitrogen, but surprisingly the plasma stored energy also, by about 15%. This effect is reproducible and attributed to an increase of the pedestal pressure in the presence of nitrogen [5, 6] . The aim of this work is to gain a better understanding of the heat transport under such conditions. For this purpose transport analyses taking into account the spatial distribution of the radiated power have been performed with the TRANSP code [16] . The inputs are the 01007-p.5 experimental kinetic profiles and the modelled radiation distribution described in the previous section using the measured impurity concentrations. As shown in Fig. 6a , an excellent agreement for the stored energy is found between the TRANSP determination based on kinetic profiles and the reconstruction based on magnetic data. The energy confinement time also increases with nitrogen as illustrated in Fig. 6b . Also here the TRANSP and experimental results agree very well. The temperature profiles reveal that higher temperatures at the pedestal top are reached during the nitrogen seeded phase as shown in 01007-p.6 rd European Energy Conference Figure 7b shows that the density profiles are weakly affected by the injection of nitrogen. The dilution is rather small because the nitrogen concentration is only 0.8%. The effective heat diffusion coefficient eff exhibits similar values before and during the seeded phase, a sign that indeed the seeding is not changing the core transport properties (Fig. 7c) .
A sensitivity study of the radiation impact on the transport analysis is illustrated in Fig. 8a . Here the integrated radiative power density Q prad is compared to the electron heat flux Q e . Q prad is much smaller than Q e in the central plasma, while it reaches about 30% of Q e towards the edge. In other words, the radiation is located in the outer part of the plasma, which explains why it has almost no impact of the confinement time. The transport analysis confirms that eff varies little in the core when the radiation losses are taken into account or not, Fig. 8b . It should be underlined that high radiation losses in the central plasma would reduce E .
High density plasmas with pellets
The repetitive injection of frozen deuterium pellets is a powerful tool for high density operation. The pellet system at AUG was recently upgraded and is now capable of delivering pellets with different sizes, speeds and repetitions rates up to 70 Hz. More details can be found in [16] . An example where the full fuelling capability of the new system has been exploited is shown in Fig. 9 . At constant heating power a total number of 70 pellets of the largest available size were injected into the plasma at the maximum rate of 70 Hz with a speed of 572 m/s. The entire ice reservoir was consumed in one go enabling a pellet train of about 1.3 sec. During the pellet phase a high core density is reached and kept until the very last 01007-p. 7 EPJ Web of Conferences Figure 9 . a) Pellet train in blue and stored energy in green. Note the drop in stored energy at the very first pellet. b) Time evolution of temperature, in red the in the plasma core, in black at mid radius, in violet at the edge. c) Time evolution of density, in red in the plasma, in black at mid radius, in violet at the edge. Right column: d) T e profile, e) n e profile, f) pressure profiles. For all three plots, black before the pellet injection, blue at the first pellet, red after pellets.
pellet. When the last pellet is consumed all the plasma parameters returned to the initial conditions and the discharge was safely ramped down. Here also, the transport analysis yields a very good agreement between experimental values and TRANSP calculation for the plasma stored energy and the energy confinement time. Both reveal that the stored energy and the confinement time remains constant despite the density increase meaning that E does not depend on the density. This is in contrast to the ITER98 scaling which predicts E ≈ n 0.41 e [17] . The attention should be drawn to the transient decrease of the stored energy at the start of the pellet train (Fig. 9a) . The drop is caused by the fact that the temperature response is faster than the density response, as indicated by the plots 9b and 9c. The very first pellets induce a drop of the pedestal temperature which propagates quickly toward the centre through the so-called profile stiffness [18] . The density increase starts at the edge with the first pellet but the increase in the core is slow. This is due to the low particle diffusion and to the fact that an increase in density requires a given quantity of particles which can only be delivered by the pellets on a given time scale. The recovery of the stored energy follows the density build up.
This behaviour is illustrated by the profiles of the temperature, density and pressure in Figs. 9d, e and f. The pressure is the same before the pellets and after the transient phase when the density has reached its steady-state value. This is consistent with the constant plasma energy. It should be underlined that due to the drop of T e caused by the first pellets, the penetration into the plasma of the following pellets is increased which favours the particle fuelling.
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Conclusion
This paper presents the transport analysis of two key scenarios for the realization of fusion reactors: operation at high radiation and operation at high density. The high radiation scenario is established by impurity seeding. In particular, edge radiation by nitrogen seeding allow to achieve high performance with a cold divertor. Despite the high radiated power, the confinement does not degrade which is attributed to the fact that the main part of the radiation losses occurs in the outer region of the plasma, confirming the prediction for nitrogen. The heat transport in the plasma core does not vary. Furthermore, an enhancement of the confinement time induced by a higher pedestal pressure in the presence of nitrogen is observed. The physics reason is still under investigation. Further core transport studies should also be performed to assess the role of main chamber radiators such as Kr on confinement and assess the limits of such radiative scenarios.
For the high density scenario, pellet fuelling turns out to be a powerful tool and densities up to values required for DEMO have been reached without confinement degradation: under such conditions the confinement time is independent of the density. The validity of this result will be assessed on a wider range of experimental conditions. These results can contribute to an improvement of the scaling law for the energy confinement time.
